INTRODUCTION
Since popcorn has a narrow genetic base due to its probable evolution by selection from only flint-type common maize varieties, as described by Kantety et al. (1995) , knowledge about heterotic groups is extremely important. Evaluations in diversity studies for the identification of heterotic groups have been carried out basically using phenotypic data based on morphological evaluations (Miranda et al., 2008) .
With the advance of molecular techniques and the increasingly frequent use of highly informative genetic markers, identification of variability available directly at the DNA level has been widely used (Cruz et al., 2012) . Despite constituting one of the pillars of plant breeding for diverse crops, the use of molecular markers for the identification of genetic variability and constitution of heterotic groups in popcorn is still not common, hampering the development of superior genotypes for most production areas.
Federal University of Viçosa (UFV), the Agronomic Institute of Campinas (IAC) and CIMMYT; (iii) races from several Latin American countries, from CIMMYT; (iv) lines from popcorn breeding programs of the UFV, UEM and UENF; v) hybrids recommended by national and international companies, developed by the IAC and Pioneer, as well as lines developed from these commercial hybrids; and vi) single-cross hybrids between lines of the UENF breeding program. The main popcorn cultivars and hybrids recommended in the country are included in the UENF Germplasm Bank.
In this context, we attempted to identify heterotic popcorn maize groups, exploiting the genotypic representativeness of the UENF Germplasm Bank, with the objective of contributing to the development of popcorn hybrids in Brazil.
MATERIAL AND METHODS
For the development of this study, 38 popcorn genotypes (Table 1 ) from different origins, maintained at the Active Popcorn Germplasm Bank of UENF, were analyzed. The experimental design consisted of randomized blocks, with four replications within a growing season. Each plot consisted of one 5-m long row, at a spacing of 0.60 m between rows and 0.30 m between plants.
The fields were planted in October 2015 at the Experimental Station of UENF at the Antônio Sarlo State College of Agriculture, in the county of Campos dos Goytacazes, in the northern region of the state of Rio de Janeiro, for the phenotypic evaluation of the genotypes. Three seeds per planting hole were sown to ensure germination in all plots, at a depth of 0.05 m. At 21 days after emergence, thinning was performed, leaving the plant with greatest vigor per hole, resulting in a final population of approximately 55,555 plants.ha -1 . Fertilization consisted of 800 kg.ha -1 of mineral NPK fertilizer 04-14-08 at planting, a first sidedressing of 300 kg.ha -1 of 20-00-20 (NPK) at 15 days after sowing, and a second sidedressing of 200 kg.ha -1 of nitrogen, in the form of urea, at 30 days after emergence. All fertilizer quantities were determined as recommended, based on the chemical analysis of the soil of the experimental cultivation area.
Ten morphoagronomic characteristics of popcorn were analyzed: mean plant height (PH) -averaging data of five competitive plants per plot, measured from the soil level to the insertion point of the flag leaf, expressed in meters (m); mean ear height (EH) -averaging data of five competitive plants per plot, measured from the soil level to the insertion point of the first ear, in meters (m); mean stem diameter (StD) -averaging data of five competitive plants per plot, by measuring the stem diameter of the plant at 0.50 m above ground level, with a digital caliper, in centimeters (cm); mean tassel length (TL) -averaging data of five tassels per plot, by measuring the tassel length from the insertion point of the first branch to the apex of the main branch, in centimeters (cm); mean number of tassel branches (NRP) -obtained by the mean number of tassel branches of five plants per plot; days to flowering (FLOW) -defined by the number of days from sowing to the flowering peak in the plot, i.e., when simultaneous male and female flowering was observed in 50% of the plants of a plot; mean 100-seed weight (W100) -defined by the average weight of 100 seeds of two random replications per plot, weighed with a precision scale, in grams (g); mean ear length (EL) -obtained by averaging the length of five random ears per plot, measured with a ruler, in centimeters (cm); mean number of kernel rows per ear (NRE) -defined by the number of rows of kernels in five random ears per plot; and mean number of kernels per row on the ears (NKR) -obtained by counting the number of kernels per row in five random ears per plot.
Statistical analyses of the variables for the morphoagronomic traits were performed using software Genes (Cruz, 2016) in the analyses required for the study of identification of heterotic groups in the studied germplasm.
Analysis of variance for the randomized block design was performed, according to the following statistical model:
where is the value observed in the plot that received treatment i in block ; is the overall mean of the experiment; is the effect of genotype , = 1, 2, ..., 38, where NID (0, ); is the effect of block , = 1, 2, ..., 4, where NID (0, ); and is the experimental error associated with observation , where NID (0, ).
For the molecular analyses, two seeds per genotype were sown in each cell (225 cm³) of a styrofoam tray containing commercial substrate, from which a sample consisting of young leaves of each genotype was collected 14 days after sowing.
The DNA was extracted according to a protocol proposed by Doyle and Doyle (1990) , modified for the species. The step of selection of genetic microsatellite markers (EST-SSR) was initiated with a total of 193 primers. Among this primer set, 15 pairs were polymorphic and thus selected for resolution in a capillary electrophoresis fragment analyzer (Advanced Analytical).Coding of the genotype data matrix was carried out with the aid of Power Marker software (Liu and Muse, 2005) . Genetic diversity was estimated based on the number of alleles (Na), the number of effective alleles (Ne) and the polymorphic information content (PIC).
Based on Bayesian clustering algorithms, according to the expected HardyWeinberg equilibrium and the absence of linkage disequilibrium between the analyzed loci within each population, the number of groups among the genotypes studied was determined with the software Structure (Pritchard et al., 2000) .
To perform the analyses, the criteria "no admixture model" and correlated frequencies were used; after a burn-in period of 10,000, the MCMC (Markov Chain Monte Carlo) algorithm was run to obtain a sample of size of 50,000 repetitions, with a preset number of groups (k) ranging from 1 to 10. The maximum likelihood of adhesion between groups was determined using a threshold of 0.75. The proposal of Evanno et al. (2005) was used to infer the real value of K in the population with SSR-EST markers, since the likelihood distribution L (k) does not represent the true K value. For this inference, software STRUCTURE HARVESTER (Earl and Von, 2016) was used to process the STRUCTURE result files.
The genotypic data were analyzed using the software Genes (Cruz, 2016) ; two cluster analyses, UPGMA and Ward, were performed based on three algorithms of genetic distances, namely:
Weighted index:
where = is the weight associated with locus j, determined by , which is the total number of alleles at locus , and the total number of alleles studied.
Unweighted index:
where is the total number of loci studied; and the number of common alleles between pairs of accessions and ′.
Index d 2 of Smouse and Peakall (Smouse and Peakall, 1999 ):
where indicates the number of alleles k at locus j of plant i. The morphoagronomic and molecular variables were analyzed simultaneously by the procedure proposed by Franco et al. (1998) , named Ward-Modified Location Model (MLM), using software SAS (SAS Institute, 2003) , based on the Gower algorithm (1971), expressed by:
where k is the number of variables (k = 1, 2, ..., p); and : two individuals that represent the accession; is the weight given to comparison , assigning value 1 to valid comparisons and value 0 to invalid comparisons (when the value of the variable is absent in one or both individuals); and : contribution of variable k to the similarity between individuals i and j, with values between 0 and 1. For a qualitative (nominal) variable, if the value of variable k is the same for both individuals, and , then = 1, otherwise, = 0. For a quantitative (continuous) variable, = | | where and are the values of variable k for individuals and , respectively, and is the interval (maximum minus minimum value) of variable k in the sample. Division by eliminates the differences between scales of the variables, producing a value between 0 and 1 and equal weights.
After estimating the genetic distance matrices, clustering was performed by hierarchical methods of mean linkage between groups or UPGMA and Ward's minimum variance (Ward, 1963) , using software R (R Core Team, 2013). The cut-off point (PC) for determining the number of groups per cluster was defined according to the expression proposed by Mojena (1977) :
where: is the cutoff point of the dendrogram determined for the identification of the number of groups; ̂ is the mean of the cluster fusion points;
is the standard deviation of the fusion points between two dendrogram groups; and k is an arbitrarily established constant, where = 1.25, used as proposed by Milligan and Cooper (1985) .
The consistency of the clustering methods was assessed by the cophenetic correlation coefficients (CCC), where the significance of CCC was examined by the Mantel test (Mantel, 1967) .
RESULTS AND DISCUSSION
Analysis of variance results showed that only three among the 10 morphoagronomic characteristics -mean plant height (PH), mean ear height (EH) and mean stem diameter (StD) had no significant differences between the 38 popcorn germplasms (Table 2) . 1/ PH = Mean plant height (m); EH = Mean ear height (m); StD = Mean stem diameter (cm); TL = Mean tassel length (cm); NRP = Mean number of tassel branches; FLOW = Number of days to flowering; W100 = Mean 100-seed weight (g); EL = ear length (cm); NRE = Number of kernel rows; NKR = Number of kernels per row; ns = Not significant by the F test at 1 and 5% probability; ** = Significant by the F test at 1% probability Contrasting results were found by Pandit et al. (2016) , who observed the most variation in plant height and ear traits, based on the estimation of divergence among 20 maize genotypes. However, they also found differences among the genotypes in the trait days to flowering.
In general, the values of the coefficients of experimental variation for the traits were satisfactory, with low values for mean tassel length and days to flowering, as well as mean number of tassel branches and mean number of kernel rows per year, aside from high estimates for mean 100-seed weight, ear length, and number of kernels per rows, according to the classification scale of coefficients of variation proposed by Pimentel Gomes (1990) . The significant differences among the germplasms detected in seven variables showed the possibility of morphology-based diversity studies of these genotypes. Consequently, the means of the characteristics were used, eliminating those without significant differences. Table 3 shows the 15 SSR-EST primers, with a mean annealing temperature for each locus varying between 59 and 65°C. Per locus, 2-5 alleles were identified, and 42 alleles for the 15 loci, by Fragment Analyzer (Advanced Analytical), resulting in an overall mean of 2.88 alleles per locus. AT: annealing temperature, Na: observed number of alleles; Ne: effective number of alleles, PIC: polymorphism information content.
The quantification of the genetic polymorphism of each locus of the studied population and the indication of the level of information and potential of each locus to detect differences between the genotypes, based on their genetic relations, are defined by the polymorphic information content (PIC) (Botstein et al., 1980; Rajendran et al., 2014) . According to the classification recommended by Botstein et al. (1980) , a locus is considered highly informative when the PIC value is > 0.5, moderately informative when 0.5> PIC <0.25, and uninformative when < 0.25.
Three of the 15 microsatellite loci were highly polymorphic, 12 loci were considered moderately polymorphic, and all microsatellite loci were informative. The overall mean PIC was 0.42, indicating a moderate polymorphism level. The highest and lowest PIC values (0.67 and 0.25, respectively) were observed for the phi96100 and umc2319 loci. Similar results were observed by Pena et al. (2016) , who reported a mean PIC value of 0.40, in an analysis of S 3 popcorn progenies. The results of this study are considered satisfactory, since Zhang et al. (2014) reported that several studies involving this type of codominant marker detected low to medium levels of polymorphism. The cause of the low PIC value was ascribed to the selection that possibly affected the variation in conserved regions of the SSR-ESTs markers (Scott et al., 2000) .
The highest PIC was reported by Silva et al. (2015) , in an SSR-EST-marker analysis of popcorn genotypes (PIC = 0.53). However, the presence of a locus with practically null polymorphic information (0.06) was observed, reinforcing the quality of the results obtained in this study, since the locus with the lowest PIC value was much higher than this value (umc2319; PIC = 0.25). According to Romero-Severson et al. (2001) , the PIC weighs the number of alleles and the relative frequency of these alleles; thus, lower PIC values indicate a high frequency of one or two alleles. Figure 1 shows the virtual gel analysis with Fragment Analyzer of locus phi96100 for the 38 analyzed popcorn accessions, in which, based on the resulting band patterns, five alleles were identified for this locus. The diagram of locus phi96100 (Figure 2) shows four randomly selected genotypes, three of which were homozygous and one heterozygous, as an illustration of the five possible alleles for this locus, evidenced by the presence of peaks according to the scale of base pairs. software Structure (Pritchard et al., 2000) was used for the analysis of molecular data. The 42 alleles were used to infer the genetic groups for the 38 genotypes, where the Bayesian approach demonstrated a tendency to form three grou with K = 3, identified by the peak shown in Figure 3 , confirmed by the method of Evanno et al. (2005) . 
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Ward'shierarchical of the Gower algorithm considering morphoagronomic and molecular characteristics, for 38 popcorn genotypes, using a cutoff point proposed by Mojena (1977) and the cophenetic correlation coefficient (CCC).
With a hybrid matrix of quantitative and qualitative variables, the 38 genotypes were separated into five groups by the UPGMA method and divided into four groups by Ward's clustering. High similarity with the analyzed groupings based on the dissimilarity measures proposed by Smouse and Peakall was observed (Figure 7) . The formation of one group with the popcorn lines L61, L63, L65, L66, L69, L70, and L71, derived from the Angela (Pacheco, 2004) is noteworthy, revealing a strong genetic proximity ©FUNPEC- crosses between parents derived from these divergent groups, circumventing the difficulty highlighted by Miranda et al. (2008) , of limited heterosis and genetic variability for popping
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Ward'shierarchical cluster analysis of the Gower algorithm considering morphoagronomic and molecular characteristics, for 38 popcorn genotypes, cophenetic correlation coefficient (CCC).
With a hybrid matrix of quantitative and qualitative variables, the 38 genotypes were separated into five groups by the UPGMA method and divided into four groups by yzed groupings based on the dissimilarity measures proposed by Smouse and Peakall was observed (Figure 7) . The formation of one group with the popcorn lines L61, L63, L65, L66, L69, L70, and L71, derived from the orthy, revealing a strong genetic proximity -RP www.funpecrp.com.br crosses between parents derived from these divergent groups, circumventing the difficulty highlighted by Miranda et al. (2008) , of limited heterosis and genetic variability for popping
Morphoagronomic and molecular characteristics were analyzed simultaneously for the application of UPGMA and Ward's hierarchical clustering, using the genetic distance based on genetic distances of the Gower algorithm considering morphoagronomic and molecular characteristics, for 38 popcorn genotypes, cophenetic correlation coefficient (CCC).
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Morphoagronomic and molecular characteristics were analyzed simultaneously for the application of UPGMA and Ward's hierarchical clustering, using the genetic distance based on genetic distances of the Gower algorithm considering morphoagronomic and molecular characteristics, for 38 popcorn genotypes, With a hybrid matrix of quantitative and qualitative variables, the 38 genotypes were separated into five groups by the UPGMA method and divided into four groups by yzed groupings based on the dissimilarity measures proposed by Smouse and Peakall was observed (Figure 7) . The formation of one group with the popcorn lines L61, L63, L65, L66, L69, L70, and L71, derived from the orthy, revealing a strong genetic proximity between these lines, which have an obvious morphological characteristic, the white kernel color.
The open-pollinated popcorn populations that we analyzed were arranged in three groups with similarity to each other by the UPGMA method (Figure 8 ). By Ward's method, the populations were all grouped into a single group, confirming the similarity between them. An exception in both clusters was the germplasm URUG 298 Amarelo, which was allocated in groups together with Brazilian lines.
The distribution of these populations in similar groups corroborates the data of Silva et al. (2015) , analyzing the genetic diversity of a corn-popcorn germplasm bank, in which the use of microsatellite markers allowed the allocation of these same populations in a single group.
Two Brazilian lines (L52 and L75) were joined with populations from other countries by both clustering methods, isolated from the national lines, which may influence the direction of possible directed crosses, with the lines clustered in different groups for the breeding of superior hybrids.
Based on the molecular groupings by the distance of Smouse and Peakall and the clustering resulting from combined morphoagronomic and molecular information, the formation of three divergent groups in popcorn can be assumed, highlighting the formation of a group composed of the lines that present as a particularity the color of the kernel. In the other groups, the characteristics corresponding to the morphology of kernel and ears are highlighted in the contribution to the genotypic differentiation.
CONCLUSIONS
There was genetic variability between corn popcorn accesses at morphological and molecular levels. There was agreement between multivariate clustering techniques, mainly when using genotypic data provided by microsatellite markers. Heterotic groups were identified; theywere formed based on the varieties of origin of each genotype and/or geographic origin. Therefore, heterosis can be exploited to develop new cultivars.
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